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In confirmation and extension of earlier results from this laboratory (3,  5, 
18), it will be shown in the present paper that the susceptibility of mice to a 
number of bacterial pathogens can be  markedly increased by depriving the 
animals of  food,  or  feeding them  inadequate  diets,  just  prior  to  infection. 
Evidence will be presented furthermore that the change in susceptibility thus 
induced is reversible as shown by the two following facts: (a)  the response to 
infection of animals made susceptible by dietary treatment can become nor- 
mal again within a  few days or weeks under the proper  circumstances;  (b) 
many animals in which bacteria had multiplied extensively as a result of some 
nutritional disturbance  succeed  in ridding  themselves of  the  infection even 
while being maintained on the inadequate regimen. 
EXPERI~ENTAL 
The materials and techniques used in the present study were the same as those described 
in the preceding paper (4). 
Details concerning the composition and preparation of the diets have been described in 
earlier publications (3, 18). 
Reversible  Effect  of  Various  Nutritional  Disturbances  on  Susceptibility  of 
Mice  to  Klebsiella  pneumoniae.--It  has been  shown in previous papers from 
this laboratory that the life expectancy of mice infected with tubercle bacilli 
or with staphylococci can be shortened by depriving the animals of food for 
24 to 48 hours immediately before infection (3, 5,  18).  The results presented 
in Table I  show on the one hand that deprivation of food lowers also the re- 
sistance of mice  to Klebsiella  pneumoniae,  and on the  other hand  that  this 
infection-enhancing  effect  can  be  readily  corrected  by  a  short  period  of 
feeding. 
Six groups of 8 mice each were infected by the intravenous route with 0.2 X  10-*  ml. of 
culture of Kl. pneumoniae.  Six other groups were infected intraperitoneally with 0.5  X  10  -8 
ml. of the same culture. For each mode of inoculation, the animals in one of the groups were 
fed pellets and water ad lib. throughout the period of experimentation. A second group was 
deprived of food for 30 hours after infection; a third group was deprived of food for 12 hours 
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before and 18 hours after infection; a fourth group for 18 hours before and 12 hours after 
infection; a fifth group for 24 hours before and 6 hours after infection; and a sixth group for 
30 hours before infection. Pellets were supplied ad lib.  at other times. Water was available 
ad lib. even during the fasting period. The animals were observed for 2 weeks after infection, 
and the time of death recorded (Table I A). 
In an experiment similar to that described above, food was removed either 30 hours before 
infection, or 18 hours before and 12 hours after infection. Some of the animals which had 
fasted for 30 hours were fed ab lid. for 24 hours before infection (Table I B). 
TABLE I 
Reversible Effect of Fasting on Susceptibility of Mice to Kl. pneumoniae 
Fasting 
Before  Mter 
infection  infection 
Feeding 
after fasting 
Time of death after infection with 
0.2 X  10-8 ml. i.v.  0.5 X  10  ~  ml. i.p. 
A 
0 
12 hrs. 
18  " 
24  " 
30  " 
30 hrs. 
18  " 
12  " 
6  " 
0  " 
Controls fed ad lib. throughout 
days 
1"5  6  8 
335  7 
222  2336 
122  3834 
1  1  1  1  1  2  2 
3*  8  ~*  .... 
~ys 
3*4444445 
33333333 
33334466 
3556677- 
33444446 
4  4 
B 
12 hrs. 
30  " 
30  " 
18 hrs. 
0  " 
0 
0 
24 hrs. 
Controls fed ad lib. throughout 
6*  7 
1  12  235- 
3"3334447 
34445557 
56667  -- 
6678 
* The figures indicate the Nos. of days between infection and death; the sign - indicates 
that the animal was still living when the experiment was discontinued 2 weeks after infection. 
In the two experiments corresponding to parts A and B  of Table I, depriva- 
tion of food for 30 hours before infection decreased markedly the expectancy 
of life in mice infected with KI.  pneumoniae--either  intravenously or  intra- 
peritoneally. However  the  effect  was  much  less  striking  when  the  fasting 
period took place after injection of the bacteria. The relation between length 
of fasting before infection and increase in susceptibility appears most clearly 
in the groups of mice infected intravenously. 
Whatever the route of inoculation, the infection-enhancing  effect of fasting 
could be readily abolished. As shown in part B  of Table I,  it was sufficient 
to provide a normal diet ad lib. for 24 hours to correct the infection-enhancing 
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The  following  experiments  were  designed  to  test  whether  the  increase  in 
mortality of  infection caused  by deprivation of  food  was  associated  with  an 
increase  in  the  multiplication  of  Kl.  pneumoniae  in  the  organs  of  infected 
mice. 
Six mice were  fed synthetic diet 191 for  1 week after weaning. They were then infected 
by the intravenous route with 0.2 X  10  -4 ml. of K1. pneuraoniae culture. Three of the animals 
were fed ad lib. throughout the period of experimentation. Three were  deprived of food for 
30 hours before  infection, but were  fed ad lib. after injection of the bacilli. The 6 animals 
were sacrificed  18 hours after infection and the numbers of colonies that could be recovered 
TABLE  II 
Effect of Fasting on Fate of K1 pneumoniae in Organs of Mice 
Diet  Fasting 
No. of colonies* recovered 18 hrs. after infectionl: 
I 
Spleen  I  Liver  Blood 
A 
I  38  5000  800  1.  ::  0  0.3  3900.3  3  0.8  /  ?  O  0  0.3 
N°'~'9"..'_.il  30hrs.  12  [9000  12  0.7  23  23 
B 
S rman  0  11S21 
• ..  30 hrs.  .1  33 
Casein-free.  0  31 
"  "  30 hrs.  130 
1  1 
34 
3  or 
0.4 
1 
1/;0  ,/3 
0.6 
20 
0  250 
o 
0  0.7 
54 
* To be multiplied by 2000 for whole organ, or by 1000 for 1 ml. of blood. 
:~ 0.2  X  10  -4 ml. of culture of Kl pneumoniae administered i.v. 
from their organs at that time were  determined by quantitative bacteriological techniques 
(Table II A). 
A  similar  experiment was  carried  out  later  on  other  groups of animals. Some of these 
had been fed Sherman diet. The others had received a diet containing the same ingredients 
as diet  191  but in which casein had  been replaced by cerelose  supplemented with 7.5 per 
cent gelatin as sole source  of protein. In this case again, half of the animals were deprived 
of food for 30 hours before  infection, and all were sacrificed  18 hours after infection (Table 
ii B). 
It is seen in Table II that, whatever  the diet provided before the period of 
fasting,  the  animals  deprived  of  food  had  much  larger  numbers  of  living 
bacteria in their organs than did the animals fed ad lib. uninterruptedly. It is 
not justified to compare the results presented in part A  of Table II with those 
in part  B  since they correspond  to  two  separate  experiments,  carried  out at 
different times. Nevertheless,  it is apparent  in Table IIB  that  the infectious 
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receiving  diet  191  (18  per  cent  casein).  The  effect  of  fasting  in  the  former 
group  was  also  much  more  striking  than  in  animals  fed  either  the  Sherman 
or the No.  191  diet. 
The  effect  of  an  inadequate  nutritional  regimen  on susceptibility  to  infec- 
tion with Kl. pneumoniae  is again illustrated  in  the following experiments. 
Mice 4 weeks old were fed ad lib. for one week either the synthetic diet 191  (18 per cent 
casein) or a deficient diet. The latter diet was similar in composition to diet 191 except that 
it did not contain fat, fat soluble vitamins, or casein; its only source of nitrogen was gelatin 
TABLE  III 
Effect of Composition of Diet on Fate of KI pneumoniae Type C in Organs of Mice 
No. of colonies~  recovered at indicated time after infection§ 
Diet* 
Liver  Spleen 
No.  191 
Deficient 
No.  191 
Deficient 
No.  191 
Deficient 
No.  191 
Deficient 
No.  191 
Deficient 
No.  191 
Deficient 
2 min. 
15  " 
1 hr. 
4 hrs. 
1,o,, 
24  " 
9 
9 
15 
19 
16 
15 
3 
11 
8 
540 
0 
0.3 
9 
11 
21 
25 
18 
15 
5 
109 
16 
1350 
0.1 
38 
15 
13 
31 
65 
34 
20 
23 
122 
31 
2300 
0.3 
1160 
26 
62 
85 
1220 
42 
25 
41 
149 
62 
3600 
5 
3cad 
0.2 
0 
2 
0.5 
1.6 
0.1 
4 
9 
8 
720 
0.2 
0.2 
0.8 
0 
3 
0.1 
0.6 
0.3 
13 
55 
13 
870 
0 
47 
0.3  0.1 
0.1  0 
0.3  1 
0.2  0.2 
0.1  0.7 
0  0 
20  77 
56  66 
28  33 
200  930 
0.3  67 
400  Dead 
* Diet 191 is a  complete diet with 18 per cent casein. The "deficient" diet contained 7.5 
per cent gelatin and 5 per cent  amigen (casein hydrolysate)  as only source of nitrogen; it 
was also deficient in fat and fat-soluble vitamins. 
:~ To be multiplied by 2000 for whole liver or spleen. 
§ 0.2 X  10  -4 ml. culture of K1 pneumoniae type C administered i.v. 
and an enzymatic hydrolysate of casein  (amigen),  1 added respectively in a  final concentra- 
tion of 7.5 and 10 per cent. All animals were inoculated intravenously with 0.2  X  10  -6 ml. 
of Kl. pneumoniae culture. Groups of 4 mice on each of the two diets were sacrificed at vari- 
ous times after infection (2 minutes,  15 minutes,  1 hour, 4 hours,  10 hours,  24 hours); the 
numbers of living bacilli in their organs were determined by the usual technique (Table III). 
It  is  seen  in  Table  III  that  the initial distribution  of  bacilli  in  the  organs 
was  independent  of  the  composition  of  the diet  fed  the  animals before  infec- 
tion.  Differences  between  the  two  groups  of  mice  did  not  become  striking 
until  10  hours  after  infection.  At  that  time,  the  numbers  of  bacilli  in  the 
animals receiving  the. complete  diet  191  were  still approximately  the  same  as 
1 Amigen is an enzymatic hydro]ysate of casein distributed commercially by Mead Johnson 
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those present at the beginning of the experiment,  whereas the bacterial popu- 
lation  had  increased  almost  100-fold  in  animals  receiving  the  deficient  diet. 
The  differences  between  the  two  groups were  of the  same  order  in  the  liver 
and in the spleen. 
As found in  many other  experiments,  an  infective  dose  of  0.2  X  10  -4 ml. 
culture  of Kl.  pneumoniae  was  insufficient  to cause  the  death  of any of  the 
mice fed the complete diet  191.  In contrast  this dose was lethal  for a  certain 
percentage of the animals  receiving the  incomplete  diet--a  finding consonant 
with  the large numbers of bacilli  present  in their organs  10 hours after infec- 
TABLE IV 
Effect of Fasting on Fate of KI pneumoniae Type C in Organs of Mice 
Fasting  No. of colonies~: recovered at indicated time after infection* 
before 
infection*  Liver  Spleen 
0 
30 hrs. 
0 
30 hrs. 
0 
30 hrs, 
0 
30 hrs, 
0 
30 hrs. 
0 
30 hrs. 
mi,  n 
15 rain. 
1 hr: 
4 hrs. 
,?hrs.,, 
13 
8 
19 
47 
11 
14 
18 
0.2 
8 
1,400 
0 
0 
L6 
!8 
.0 
~3 
7,( )0 
0.2 
0.1 
L4  23 
il  36 
~0  41 
i4  82 
L5  44 
17 
39 
17 
60 
30,000 
2 
1 
54 
58 
48 
90 
54 
2l 
7C 
2C 
55C 
130,00G 
8 
Dead  [ 
i 
.3 
? 
? 
19 
5 
6 
3,000 
0 
0.5 
.3 
i 
.6  2 
? 
? 
h 
21  1  71 
17  65 
10  16 
3,4002  4'90~3 
5  47 
0.41  2 
0  2!  0.3 
1.31  0.2 
4 
? 
? 
188 
84 
38O 
13,000 
2O 
Dead 
* 0.2 >(  10  -4 ml. culture  of Kl pneumoniae (C) administered  i.v. All mice fed pellets  ad 
lib. except during fasting period. 
:~ To be multiplied by 200 for whole organ. 
tion.  The  results  of  bacteriological  studies  on  animals  sacrificed  24  hours 
after  infection  were,  however,  quite  unexpected.  They  revealed  that  the 
numbers of bacteria  in the  liver and  spleen  had fallen  to a  very low level  in 
most animals,  even in those which had  been  fed the  incomplete diet but had 
survived the infection. 
Table  IV presents  the results of other quantitative  studies oi1 the bacterial 
population in the organs of mice at different times after intravenous infection 
with 0.2  X  10-  4 ml. of Kl. pneumoniae culture.  In this case, all mice were fed 
the  same  diet  ad lib.  (commercial pellets)  except  that  half of them were de- 
prived  of food for a  period  of 30 hours before infection.  As in  the  preceding 
experiment,  the  bacterial  population  remained  essentially  the  same  in  the 
two  groups  for several  hours;  the  numbers  of living bacilli  in  the  liver  and 
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infection.  In  this  case  also,  the  bacterial  population  fell  to  a  very low  level 
some  14  hours  later,  not  only  in  the  animals  which  had  been  fed  ad  lib. 
throughout,  but  even in  the  survivors  of  the  group  deprived  of  food  for  30 
hours before infection. 
A  few preliminary experiments  have been carried out to determine whether 
it would be possible  to follow in greater detail the time course of the infection 
in  a  given  mouse.  To  this  end,  small  samples  of blood  were  taken  from  the 
TABLE V 
Effect of Diet and of Fasting on the Course of Bacteriemia (KI pneumoniae Type C) in Mice 
Fasting  Diet  No. of colonies* recovered from blood of individual  mice 
(5 per group) at indicated times after infections 
No 
t¢ 
tt 
t¢ 
30 hrs.§ 
No 
tt 
t¢ 
tt 
30 hrs.§ 
tt 
No. 191  2 min. 
"  24 hrs. 
t¢  40  ~ 
et  64  *¢ 
No. 191  2 rain. 
"  24 hrs. 
"  48  " 
Casein-free  2 rain. 
"  24 hrs. 
tc  40  ct 
tt  64  ct 
Casein-free  2 min. 
"  24 hrs. 
60*  140 
1  1 
50  1 
40O  0 
120'  125 
480  4 
2  0 
170  170 
0  O0 
0  110 
500  0 
120  150 
10  1120 
500  50 
150  I  270  [  360 
1  8  i  1 
10  0  5 
0  0  0 
180 
210 
500 
180 
1 
20 
50 
190 
2 
3 
190 
520 
0 
200 
0 
10 
500 
200 
5000 
500 
280 
.5000 
4 
230 
1 
0 
50 
205 
1600 
8 
* Figures to be multiplied by 200 for 1 ml. of blood. 
~/0.2 ×  10 ml. culture of Kl pneumoniae type C administered i.v. 
§ Mice fasted for 30 hrs. before being placed on experimental diets. 
tail  vein  at  different  intervals  of  time  after  infection  and  the  numbers  of 
bacteria present in the samples were determined. 
Mice 4 weeks old were given ad lib. either diet 191 or a  modification of it, free of casein 
and containing instead cerelose supplemented with 7.5 per cent gelatin as sole source of pro- 
tein. Some of the animals had been deprived of food for 30 hours before being placed on the 
experimental diets. All animals were infected intravenously with 0.2  ×  10  -4 ml. of Kl. pneu- 
moniae culture 24 hours after having received their respective diets; these were fed ad llb. 
throughout the rest of the experiment. 
The tip of the tail of the mouse was clipped with sterile scissors  and a  drop of blood was 
allowed to collect at the cut surface. A volume of 0.05 ml. of blood was collected with a white 
blood cell counting pipette. The operation was repeated three times after infection, namely 
after 2 minutes, 24 hours, and 48 hours.  Dilutions of the blood samples were plated on nu- 
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As appears from the results presented in Table V, large numbers of colonies 
were obtained  24 hours after infection from most of the  animals which  had 
been  fasted;  in  contrast  the  bacteria  had  almost  disappeared  at  that  time 
from the blood of animals which had been fed uninterruptedly. There was at 
first no  striking  difference  between  the  group  receiving  the  casein-free diet 
and the group fed the complete No. 191 diet. However, there were indications 
that  the  bacteriemia was  increasing  in  the  former group  from the  2nd  day 
on.  As in the  two preceding experiments, several animals in which  the bac- 
TABLE VI 
Effect of Transient Nutritional Disturbances on Mouse Tuberculosis 
Tubercle bacilli* recovered from  Cumulative No. of deaths§ at indicated time 
individual  spleens at indicated 
Sherman diet  time after infection~  after infection 
ad ~ib. 
4  s.  10  W]~  wks. 
Unintermptedly 
~c 
Replaced  by  ca- 
sein-free  diet on 
days,  5,  6 and 
12, 13 after in- 
fection 
9 days 
o 
2 
3 
5 
1o 
2o 
i 
18 
18 
18 
24 
60 
12 days  19 days 
1  27 
5  130 
6  26O 
6  260 
13 
2O 
22  70 
28  380 
38  450 
150  550 
150 
210 
6 wks.  8 wks. 
0  0 
3  6  11 
* To be multiplied by 2000 to  give total  number of colonies  per organ. 
Infection 0.2 X  10  -6 ml. of bovine culture MV  administered i.v. 
§ Out of 12 mice infected  i.v.  with 0.01 ml. of bovine culture MV. 
terial population had reached a  high level appeared to be getting rid of their 
infection after 48 hours, even while being fed the casein-free diet. 
Reversible  Effect  of Transient  Nutritional  Disturbances  on  the Susceptibility 
of Mice  to  Tubercle  Bacilli  and to  Staphylococci.--Experiments  on  the  effect 
of deprivation  of food and of inadequate  diets on the susceptibility of mice 
to  tubercle  bacilli  and  staphylococci  have  been  described  in  earlier  papers 
from this  laboratory  (3,  5,  18).  It will  be presently shown  that  with  these 
organisms as with Friedl/inder bacilli,  the infection-enhancing effect of nutri- 
tional disturbances can occur rapidly and is reversible. 
Mice 4 weeks old were fed Sherman diet ad lib.; they were infected by the intravenous 
route with either 0.2 X  10-  6 ml. or 0.01 ml. of a virulent culture of bovine tubercle bacilli 
(strain MV). They were maintained on the Sherman diet throughout the rest of the experi- 
ment,  except that  half  of  them  received instead  a  protein-deficient diet on two separate 74  NUTRITIONAL  DISTURBANCES  AND  ~ION 
occasions--namely on days 5 and 6 and again on days 12 and 13 after infection.  This de- 
ficient diet was of the same composition as diet 191 except that it was free of casein and con- 
tained instead cerelose supplemented with 7.5 per cent gelatin as only source of protein. 
The animals infected with 0.01 ml. of culture were allowed to die of their infection. The 
cumulative numbers of deaths at weekly intervals in the two groups is recorded in Table VI. 
Groups of 5 of the animals infected with 0.2 X  10  -e ml. culture were sacrificed 9, 12, and 
19 days after infection.  The numbers of colonies that could be recovered  from their spleens 
was determined by bacteriological techniques  described elsewhere (14, 18) (Table VI). 
TABLE VII 
Rsttrsible E.gtct of Fasting  on Fate of Staphylococci in Organs of Mice 
Fasting  Diet after fasting and  Nos. of staphylococcal colonies recovered  before infection  before infection 
A 
From liver* 18 hrs. after infection~ 
48 hrs.  0  130  240  370  1500  1700 
"  "  Pellets 48 hrs.  47  160  160  250  340 
"  "  "  96  "  7  29  32  140  160 
Controls fed pellets ad lib. throughout  41  41  170  180  190 
B 
From blood* 12 hrs. after infectlon~ 
55 hrs.  [ No. 191§ diet 12 hrs.  70  110  150  270 
....  [ Deficient§ diet 12 hrs.  100  200  1000  1000 
Controls fed No. 191§ ad lib. throughout  10  50  80  100 
55 hrs.  ] No. 191§ diet 60 hrs.  10  10  40  40 
....  [ Deficient§ diet 60 hrs.  40  50  120  150 
Controls fed No. 191§ ad lib. throughout  2  3  10  60 
* The figures for the liver to be multiplied  by 2000 for whole organ; the figures for the blood 
to be multiplied by 1000 for 1 ml. blood. 
~/0.1 ml. culture of coagulase-positive  staphylococcus (Smith) administered i.v. 
§ Diet 191 is a complete diet with 18 per cent casein; the deficient diet was casein-free and 
contained 7.5 per cent gelatin as sole source of nitrogen. 
As appears from the results presented in Table VI,  the  spleens of all ani- 
mals sacrificed on the 9th day after infection yielded approximately the same 
numbers  of colonies of tubercle bacilli whatever  the  nutritional regimen.  In 
other words, there was not yet at that time any bacteriological evidence that 
the change of diet which had occurred on days 5 and 6 had had any effect on 
the infectious process. 
A  definite  increase  in  the  bacterial  population  became  apparent  on  the 
12th  day after  infection in  the  animals  having  received the  casein deficient 
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comparative study of the lungs would have revealed much more striking dif- 
ferences in  the numbers of colonies between the  two groups of animals; un- 
fortunately, the spleens were the only organs studied in the present case. 
As seen in Table VI, mice receiving the casein-deficient diet on days 5 and 
6, then again on days 12 and 13 after infection, died much more rapidly than 
did animals receiving the Sherman diet uninterruptedly.  Although  this tran- 
sient nutritional  disturbance  had depressed resistance to tuberculosis,  it is of 
interest that it had not affected in a  lasting manner the weight gain of non- 
infected mice (as shown by weekly weight records not presented in the table). 
The results  presented  in Table VII illustrate  that  the  reversibility of the 
TABLE VIII 
Effect of Adaptation to Diet on Susceptibility of Mice to Staphylococci 
Diet*  Time on  Average  Time of death (in days) 
diet  weight gain  following staphylococcal infections 
No. 191 
Deficient 
No. 191 
Deficient 
wk$. 
1 
7 
gr. 
7.5 
1.7 
20.7 
2.5 
9§ 
6  6  7  7  7  7  8 
7  10  11 
6  8  9  11 
* No. 191 is a complete diet with 18 per cent casein. The deficient diet contained 7.5 per 
cent gelatin and 5 per cent amigen (casein hydrolysate) as only source of nitrogen; it was also 
deficient in fat and fat-soluble vitamins. 
:~ 0.1 ml. of culture of coagulase-positive  staphylococcus (Smith) administered i.v. 
§ Experiment discontinued 2 weeks after infection. 
infection-enhancing effect of nutritional  disturbances applies also to staphylo- 
coccal infections. 
In the experiment corresponding to part A of Table VII, mice fed a normal 
diet ad lib.  (pellets)  48 or 96 hours after fasting proved as resistant as non- 
fasted animals.  In the experiment corresponding to part B, definite evidence 
of recovery from fasting was apparent as early as  12 hours after the animals 
had  been  provided  with  diet  191  ad  lib.  In  contrast,  animals  of  the  fasted 
group subsequently fed the casein-free diet had failed to recover their normal 
resistance 60 hours after the end of the fasting period. 
Effect  of Adaptation  to  Deficient  Diet  on  Susceptibility  of Mice  to  Tubercle 
Bacilli  and  to  Staphylococci.--Many  experiments--not  recorded  here--have 
been conducted  in  this laboratory during  the past 5  years to  determine the 
effect of various dietary constituents  on a  number of experimental bacterial 
infections of mice. In order to facilitate experimentation, attempts were made 
to increase the severity of the nutritional  disturbance by keeping the animals 
on the deficient regimens for prolonged periods of time before exposing them 
to  the  infectious agent.  It has been  repeatedly observed,  however,  that  the 76  NUTRITIONAL DISTURBANCES AND  INFECTION 
increase in susceptibility brought about by an inadequate diet is transient, 
the animals recovering their normal  level  of resistance after being fed the 
inadequate diet uninterruptedly for several weeks. 
Mice 4 weeks old were fed either the complete synthetic diet 191 or a diet of the same 
composition but rendered deficient by eliminating the casein altogether  and substituting 
for it 7.5 per cent gelatin and 5 per cent casein hydrolysate (amigen) as only source of pro- 
tein. All animals were infected intravenously with 0.1 ml. of a coagulase-positive strain of 
Staphylococcus  aureus  (strain Smith)  (18); half of them received the infective dose 1 week 
after  being  placed  on  the  experimental  diets,  the  other  half after 7 weeks. The times of 
death following infection are recorded in Table VIII, as well as the average weight gain of 
the animals between the beginning of the experiment and the time they received the infective 
dose. 
TABLE IX 
Effect of Adaptalion to a Low Protein Diet on Susceptibility  of Mice to Tuberculosis 
Casein in 
diet 
~er Cent 
18 
5 
18 
5 
Time on 
experimental diet  Average weight 
(at time of infection) 
1 day  21.0 
"  "  20.5 
2 wks.  28.0 
"  "  23.0 
Cumulative  Nos. of deaths* at indicated 
times after infection 
6 wks.  8 wks. 
0  5 
3  8 
4  6 
3  5 
10 wks. 
10 
11 
11 
12 
* Out of 12 mice infected i.v. with 0.2 ml. bovine culture MV. 
It will be noticed that  the  mice  receiving the  amigen-gelatin diet  hardly 
gained  any  weight  (2.5  gm.  average  for  the  first  7  weeks  of  observation) 
whereas  those  receiving diet  191  grew  rapidly (gaining 7.5  gm.  during the 
1st week and 20.7 gin. during the 7 weeks of the experiment). Among animals 
infected 1 week after being placed on the experimental regimen, those receiv- 
ing the  antigen-gelatin diet  proved  much more  susceptible to  staphylococci 
than did those receiving the complete 191  diet. When a  similar infection test 
was carried out after  7 weeks,  however, no difference in susceptibility could 
be recognized between the two groups even though there was at the time of 
infection a  very  large  difference  between  the  weight  of  the  two  groups  of 
animals. 
This striking manifestation of adjustment to an inadequate diet has been 
observed in many similar experiments. Only one other will be reported here. 
Mice 4 weeks old were fed diet 191 for 1 week, At the end of this initial period half of 
them  were changed to another  diet similar in composition to No.  191 except that it con- 
tained only 5 per cent instead of 18 per cent casein. Half of the animals in each of the two 
groups were infected with tubercle bacilli 1 day after the change in regimen had taken place. 
The other half of each group were infected 2 weeks after  the change of diet.  In all cases, RUSSELL  W.  SCHAEDLER  AND  REI~  J.  DUBOS  77 
the infective dose consisted of 0.2 ml. bovine culture MV injected by the intravenous route. 
The weight of the animals at the time of infection,  and the time of deaths, are recorded in 
Table IX. 
All mice ate the low casein diet (5 per cent casein) readily from the begin- 
ning of the experiment and hence did not suffer from a  period of starvation. 
Nevertheless, it is seen in Table IX that animals infected with tubercle bacilli 
immediately after being put on the low casein diet had a  shorter life expect- 
ancy  than  mice  infected  simultaneously  but  fed  diet  191.  In  contrast,  no 
difference  in  susceptibility  was  evident  between  the  two  groups  when  the 
infection occurred at a  time when  the animals had been maintained uninter- 
ruptedly on  their  respective experimental regimens for  a  period of  2  weeks. 
It  is of interest  that  in  this  case  again,  resistance returned  to  normal  even 
TABLE X 
Effec~ of Change of Diet on Susceptibility of Mice to Staphylococci 
Regimen* before  Average weight at  Time of death (in  days) following  staphylococcal 
infection  time of infection  infection~: 
21 days on No. 191... 
21 days on low protein 
diet ............... 
18 days on No. 191 3 
days on low protein 
diet .............. 
26.6 
15.6 
24.0 
21  30 
10  20  27 
7  8  8  10  23  27 
* Diet 191 contained 18 per cent casein; low protein diet contained 8 per cent skim-milk. 
0.1 ml. of coagulase positive Staphylococcus  aureus (Smith) administered i.v. 
Experiment discontinued  30 days after infection. 
though  the  animals  on  the  low  protein  diet  had  gained  weight  much  less 
rapidly than had those receiving diet 191. 
These experiments, as well as others not recorded here, show  that it is not 
possible to  predict susceptibility to  infection from  the weight  of the  animal 
at  the  time  of  exposure  to  the  infective  dose.  Many  results  to  be  reported 
elsewhere suggest, however, that a  sudden loss of weight at the time of infec- 
tion  is likely to  be  accompanied by an  increase  in  susceptibility. This  phe- 
nomenon is illustrated by the results presented in Table X. 
Mice 4 weeks old were divided into three groups.  One was fed diet 191 uninterruptedly 
for 3 weeks; a second received uninterruptedly also for 3 weeks a  diet similar to No.  191 
except that it was made deficient in protein by eliminating the casein and  substituting for 
it 8 per cent skim milk. The third group received diet 191 for the first 18 days, and the low 
protein skim milk diet for 3 days. 
All animals were infected  on the 21st day by the intravenous route with 0.1 ml. of cul- 
ture of coagulase-positive  staphylococcus  (Smith)  (18). The weight  of the animals at the 
time of infection,  and the time of death (in days) are recorded in Table X. 78  NUTRITIONAL  DISTURBANCES  AND  INFECTION 
As appears from the  results in Table X,  mice that had been fed  the low 
protein diet uninterruptedly weighed only 15.6 gm.  at the time of infection. 
Yet their resistance to staphylococci was approximately normal. In contrast, 
the animals fed diet 191 for 18 days and then changed to the low protein diet 
the last 3 days before infection weighed 24 gin.; i.e., only little less than those 
fed diet 191 uninterruptedly. But the small loss of 2.6 gm. at the time of in- 
fection was  associated with a  marked increase in susceptibility to staphylo- 
cocci. It  must  be emphasized at  this point  that  animals  changed  from the 
high protein (No.  191)  to  the low protein  (skim-milk)  regimen immediately 
ate  their new  diet avidly. The sudden increase in susceptibility to infection 
was not, therefore, the result of a period of starvation. 
DISCUSSION 
In addition  to specific acquired immunity, many non-specific mechanisms 
have been shown  capable  during  recent years of modifying the  response of 
animal  tissues  to  the  presence of infectious agents.  The activity of steroid 
hormones, both  in  natural  disease  processes and in experimental infections, 
is so well known in this regard as  to need no further emphasis.  Among the 
many other  types  of non-specific factors that  have recently been  shown  to 
alter susceptibility and resistance,  one may mention exposure to radiations, 
treatment  with  thyroxine  or  dinitrophenol,  injection  of  certain  bacterial 
toxins, temporary deprivation of food, inadequate diets, administration of the 
salts  of certain organic acids  or of inhibitors of the  Krebs cycle, etc.  Only 
three examples will  be singled  out  for discussion here because  they bear a 
direct  relation  to  one  of  the  conclusions  reached  from  the  present  study, 
namely, to the fact that changes in susceptibility to infection can occur within 
a very short period of time, and be extremely transient. 
It has been shown  that intradermal injection of 2 /~g. of adrenaline  into guinea 
pigs can decrease resistance  to infection  with Pseudornonas  pyocyanea,  Proteus vul- 
garls,  Escherichia  coli,  Staphylococcus  aureus,  Corynebacterlum  diphtheriae,  Strepto- 
coccus hemolyticus,  and  Clostridium  welchii  provided these  bacteria are injected at 
the same  site as, and within 2 hours after, the hormone (7,  12). In mice also, the 
death  rate caused  by subcutaneous  infection  with  group  C  streptococcus  greatly 
increases when adrenaline  is injected into the same  site within 4 hours after infec- 
tion. (6) 
In  the  case  of  mouse  salmonellosis,  increase  in  survivorship  can  be  de- 
tected within 2 days after addition to a semisynthetic diet of a certain unidentified 
methanol-soluble  factor separated  from certain natural  foodstuffs.  Moreover, the 
resistance  falls  back to its  former low level  soon  after the nutritional regimen  is 
made deficient  in this methanol-soluble  dietary factor (17). 
Profound changes  in  the  susceptibility  of mice  to  experimental  infection with 
Gram-negative bacilli can be brought about even more rapidly by the injection of 
zymosan,  of certain  bacterial  cellular  constituents,  or  of dextrans  of  the  proper RUSSELL  W.  SCHAEDLER  AND  REN]~  ~.  DUBOS  79 
structure and molecular size  (10, 11,  15,  16). For example, the lethal dose of a  vir- 
ulent strain of E. coli for mice was found to be several thousandfold greater when 
the bacteria were injected into animals 24 hours after administration of these prod- 
ucts than when injected into untreated  animals.  Contrariwise the minimum lethal 
dose was very much smaller when the bacteria were injected a few hours after ad- 
ministration of these products.  2 
In the present study, an attempt has been made to define the time relation- 
ship of the effect exerted by certain non-specific disturbances on the suscep- 
tibility  of mice  to  infection  with  tubercle  bacilli,  staphylococci,  and  Fried- 
l~nder  bacilli.  To measure  this  effect,  the  severity of  the  infectious  process 
was  estimated  in  terms  of  mortality  rates  following  infection,  and  of  the 
numbers of viable bacteria present in various tissues at different  times after 
exposure to the infective dose. 
With the three bacterial pathogens tested and whatever the criterium used 
to evaluate  the  response of the  animal to them,  it was found  that mice ex- 
hibited  a  much  increased  susceptibility when  the  infective dose was admin- 
istered at the end of a  48 hours period of fasting.  Even a  shorter period (24 
hours)  of deprivation of food had a  profound infection-enhancing effect when 
the  animals  had  been  fed  an  inadequate  diet  before  the  fasting  period.  In 
many experiments not reported here, it has been observed that susceptibility 
increased also when the animals were placed for 5  to 7 days before infection 
on a  regimen that  was deficient--qualitatively or  quantitatively--in  almost 
any one  of  the  essential  dietary  constituents:--fats,  amino  acids,  vitamins, 
etc.  However,  the  abnormal  susceptibility  to  infection  produced  by  nutri- 
tional  deficiencies was rapidly reversible.  It usually  disappeared within  1  to 
3 days after fasting had been discontinued by feeding the animal an adequate 
diet ad lib.  Let it be mentioned in passing that  the optimum composition of 
the diet depended upon the nature of the infectious agent.  For example and 
as will be reported later, mice fed the Sherman diet (consisting of whole milk 
and whole wheat)  were more resistant to tuberculosis than were mice fed the 
semisynthetic diet  191,  whereas the reverse relationship obtained in the case 
of staphylococcal infections. 
Three other manifestations of the reversibility of changes in susceptibility 
to infection became apparent during the present study:-- 
(a)  Mice fed low protein diets which  caused at first an increase in suscep- 
tibility to infection eventually recovered a  normal degree of resistance after 
being  maintained  on  these  deficient  regimens  for  several  weeks.  Although 
2 It might be mentioned here that a single intraperitoneal injection of pertussis vaccine 
produces in mice a very rapid and transient increase in resistance to intracerebral infection 
with  ttemophilus  pertussis. This  transient  state  of resistance occurs before specific anti- 
pertussis antibody appears in the serum (8). Its relation--if  any--to the phenomenon de- 
scribed in the preceding paper of this series (4) is as yet unknown. 80  NUTRITIONAL  DISTURBANCES  AND  INI~ECTION 
their body weight  was  then much below normal,  their response  to  a  given 
infective  inoculum  was  undistinguishable  from  that  of  mice  maintained 
throughout on a high protein diet ad lib. 
(b)  When mice which  had been fasted,  or fed a  diet low in  casein,  were 
infected intravenously with  a  small  dose  of culture  of Kl.  pneumoniae,  an 
enormous increase in the bacterial population occurred during  the  12  hours 
after infection in all animals.  Many of these animals  (approximately 50 per 
cent) died within 1 to 3 days thereafter. However, it was often observed that 
the bacterial population fell to an extremely low level in a  large percentage 
of mice 12 hours after it had reached its maximum. This sudden destruction 
of the bacteria, which took place while the animals were still on the protein- 
deficient diet,  probably occurred in  the mice  that  would have survived the 
infection had it not been necessary to sacrifice them to carry out the bacte- 
riological studies. 
(c)  Mice  treated  with  a  sublethal  dose  of either one of several  bacterial 
endotoxins exhibited extreme susceptibility to infection for a few hours there- 
after; this negative phase was followed by one of much increased resistance 
which persisted for many days or even weeks. The change in response of the 
animals  was  non-specific  and  was  observed  even  in  the  case of infections 
caused  by  staphylococci or  tubercle  bacilli,  two  groups  of  pathogens  not 
known to be susceptible to properdin. 
The experiments described in the present and preceding paper have there- 
fore established that susceptibility to infection can undergo rapid reversible 
changes. Although the results have thrown little, if any, light on the mecha- 
nisms involved, they seem worth discussing with regard to the validity of the 
prevailing theories pertaining to the role of non-specific factors in infection. 
First, it is apparent that the weight of the animal at the time of infection 
has little direct bearing on susceptibility. This is shown by the fact that ani- 
mals prevented from gaining weight by restricting their daffy food intake to 
a  constant but low level, or by feeding them a  diet deficient in protein, can 
be fully as resistant  as animals  fed ad lib.  an optimum diet  (3,  5).  On  the 
other hand,  it  has  been repeatedly observed in  the  present  experiments as 
well as in others not recorded here that  susceptibility to infection increased 
during the period that animals were losing weight, whatever the cause of the 
weight loss.  It is also true, on the other hand, that increase in susceptibility 
has in some cases been observed before weight loss had become manifest; this 
occurred for example  during  the  first  few hours after injection of bacterial 
endotoxins. 
It might appear at first sight that many of the reversible changes in sus- 
ceptibility to infection are merely the expression of changes in serum proper- 
din levels. As is now well known, many unrelated types of non-specific stresses 
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hours and this fall is often followed by a  rebound which brings the properdin 
content of serum to a  level higher than normal. Simultaneously resistance to 
certain types of infection has been observed--although not consistently--to 
decrease at first and then to increase above normal, thus presenting a  mirror 
image of the changes in properdin level (10,  11, 15, 16). The temporal relation 
between properdin level and susceptibility has been emphasized especially in 
the case of the effect of radiations and of injection of certain cellular com- 
ponents (zymosan-like) on the course of infection with Gram-negative bacilli. 
Despite the suggestive value of this correlation, however, certain facts make 
it appear that factors other than properdin levels were responsible for many 
of the changes reported in the present paper. Thus, deprivation of food for a 
period of 24 to 48 hours before infection always decreased markedly resistance 
to the three bacterial species tested, and yet this procedure is not known to 
depress  the  serum properdin  levels.  Furthermore,  the  injection of endotox- 
ins--a procedure which has been shown to cause a temporary fall in properdin 
level--decreases resistance  not only to  bacteria  that are  susceptible  to  this 
serum protein, but also to other species that are resistant to it, to staphylo- 
cocci and tubercle bacilli for example. It is worth noting in passing that the 
phase  of increased susceptibility brought about  by treatment of mice with 
Gram-negative endotoxins is followed by a phase of increased resistance which 
may last for several weeks and which is particularly effective against infection 
with tubercle bacilli (unpublished observations). 
Although much emphasis has been placed during recent years on the effect 
of treatment with endotoxins on the properdin levels in the serum, it must 
be kept in mind that these bacterial products have long been known to bring 
about many other physiological disturbances. The concentrations of the blood 
or tissues in steroid hormones, in glucose, in inorganic phosphate, in glycogen, 
in citric acid, and probably in many other substances, are as profoundly af- 
fected by injection of endotoxins as is the level of properdin (see for example 
reference 1, and review in reference 9). There is evidence furthermore that the 
reticuloendothelial system is also profoundly affected by these bacterial com- 
ponents both in its activity and in its capacity (2).  The information avail- 
able at present does not permit to decide which one of these effects--if any-- 
plays a determinant role in changes in susceptibility to infection. 
Reference  must  be  made  to  the  spectacular  decrease  in  the  numbers  of 
Friedl/inder bacilli in the organs of mice often found to occur 12 hours after 
the bacterial population had reached a  very high level. Two hypotheses can 
be  formulated to  account  for  the  profound  change  in  body  response  that 
brought about the rapid destruction of the bacilli during this second period 
of the infectious process. One might assume on the one hand that the bacterial 
products  accumulating in  the  tissues during the  initial phase  (12  hours)  of 
bacillary multiplication called into play the very mechanisms responsible for 82  NUTRITIONAL  DISTURBANCES  AND  INFECTION 
non-specific resistance  observed  in  animals  treated  with  endotoxin. On  the 
other hand the possibility must be considered that specific acquired immunity 
plays a  part  in  the phenomenon. Although it seems surprising that specific 
protective immunity could become established so soon after infection, it must 
be remembered that specific  agglutinins for pneumococci have been detected 
in the blood of guinea pigs within a  few hours after intraperitoneal infection 
with  large doses of  these organisms (13).  Thus, the rapid recovery that was 
often  observed  following severe  bacteriemia  may have  involved  the  simul- 
taneous participation of specific  immunity as well as of non-specific mecha- 
nisms of resistance. 
SLrMMARY 
A study has been made of the time variations in the susceptibility of albino 
mice  to  experimental  infections with  Klebsiella  pneumoniae,  Staphylococcus 
aureus, and Mycobacterium tuberculosis. 
Susceptibility to  infection was  determined by two  criteria:  (a)  mortality 
rates following intravenous injection of a  known infective dose; (b)  numbers 
of bacterial colonies that could be recovered from the tissues of the infected 
animals at various times after infection. When measured in terms of either 
one of these two criteria, susceptibility was consistently modified by tempo- 
rary deprivation of food, and by various changes in the composition of the 
diet. 
Increase in susceptibility to infection could be detected within a few hours 
to  a  few days depending upon  the  nature and  intensity of the  nutritional 
disturbance imposed upon  the  animal. Under  the proper  conditions, return 
to  a  normal state  of resistance  could also  occur within a  very short  time. 
There was commonly observed an explosive bacterial multiplication in mice 
receiving the infective dose shortly after being subjected to nutritional dis- 
turbances. In the case of infection with Klebsiella  pneumonia.e, however, this 
phase of increased susceptibility was often followed a  few hours later by one 
during which the numbers of living bacteria that could be recovered from the 
various organs fell to a very low level. Many of the animals which had exhib- 
ited severe but transient bacteriemia recovered rapidly and survived the in- 
fection. 
Mice  rendered  more  susceptible  to  infection by being  fed deficient diets 
progressively recovered their normal resistance while being kept on the same 
inadequate regimens. This adaptation occurred even though the weight of the 
animals on these regimens remained much lower than the weight of the  ani- 
mals fed a complete diet ad lib. 
The weight of the animal at the time of infection appeared to have  little 
bearing on susceptibility. However, susceptibility consistently increased dur- 
ing the periods while the animals were losing weight--whatever the cause of 
the weight loss. RUSSELL W.  SCHAEDLER AND  R~I~ ~'.  DUBOS  83 
The  facts disclosed  in  the  present  study,  as well as findings  reported  by 
other  investigators, make  clear  that  profound changes  in  susceptibility to 
infection  can  be  brought  about  by  varied  non-specific  procedures.  These 
changes  can occur  within very short periods  of time and are often rapidly 
reversible. 
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